Alumina/graphene composite powders were produced by ball milling alumina and graphite for different times. Transmission electron microscopy (TEM) was used to characterize the obtained powders. 3-4 nm graphene sheets were produced after 30 h milling time. Accelerative effect of alumina to ball milling was also studied. Graphene reinforced alumina-based composites were fabricated by spark plasma sintering (SPS) technique from as-prepared powders. Microstructural observation of fracture surface was conducted using scanning electron microscopy (SEM). It was found that adding graphene would hinder grain growth of alumina, making much finer particles.
Introduction
There has been growing interest in carbon based nanoscale materials such as fullerenes, nanotubes and graphene due to their novel properties. These materials exhibit many exotic phenomena, for example, superconductivity, 1, 2) unconventional quantum Hall effect, 3) thermal conductivity and mechanical properties. [4] [5] [6] One approach to harness these excellent properties for application is to incorporate these materials in composite materials.
Recently the development of advanced engineering composites containing carbon nanotubes has become a hot point. Attempts have been made to develop materials through the incorporation of carbon nanotubes in ceramics, which, however, have proved not to be very successful. 7) Till now there have been a large number of studies concerning functionalization of carbon nanotubes in order to improve dispersion and binding problems. As a result of the setbacks, graphene sheets, having high fracture strength comparable to that of carbon nanotubes for similar types of defects, have come into picture. 5, 6) One of the significant advantages of graphene sheets over carbon nanotubes is the easiness to be homogeneously distributed in a matrix. Till now, most of the researches on graphene containing composites have focused on polymer-based composites, and the reported results show that the graphene sheets have improved the global electrical and mechanical properties of these composites. 4, 8) In view of the excellent properties of graphene sheets, incorporating graphene in a ceramic to improve its performance has great potential.
At present, graphene sheets are often made via exfoliation of expanded graphite. 4, 9) However, mechanical ball milling has provided a more convenient way to the preparation of graphene sheets. As well known, graphite is composed of stacked parallel grephene layers. The van der Waals force, binding graphene monolayers together, is so weak that the layers tend to slip apart when subjected to sheer stress. Several studies have showed that after ball milling, various structures such as scrolls, microballs and ribbons are produced from natural graphite. [10] [11] [12] [13] [14] [15] Thus, to obtain graphene sheets by ball milling is viable and of low cost.
In the present article we report our work on ball milling alumina-graphite mixed powders, during which graphene sheets were produced. The consolidation of the as-prepared alumina/graphene composite powders by SPS is also described.
Experimental Materials and Methods
The raw materials used in this study were natural graphite powder (320 mesh, 99.9% pure) and 99.9% pure alumina with an average particle size of 150 nm. The volume ration of graphite to alumina in this study was 5 to 95. The powders were mixed and wet milled with ethanol at room temperature for 10-50 h on a conventional planetary ball mill. The weight ratio of balls to powder was 30 : 1, and the rotation rate of the vial was 250 rpm. Microstructural observation of the as-milled powders was conducted using TEM and high resolution transmission electron microscopy (HRTEM).
After dried and sieved, the as-milled powders were placed into a graphite die (10 mm in diameter) lined with graphite paper to avoid the reaction between the sample and the die during sintering. The samples were hot pressed in vacuum by SPS equipment (Dr. Sinter Ò 2040, Sumitomo Coal Mining Co., Tokyo, Japan). The heating rate was in the range of 80-100 C/min and a pressure of 60 MPa was applied after the temperature reached 1100 C. The samples were held at 1400 C for 3 min under the pressure of 60 MPa and cooled naturally.
After sintering, the surfaces of samples were ground to remove the graphite paper. SEM was used to observe the fracture surface.
Results and Discussion
After 10 h of balling milling, large stacks of graphite sheets were not significantly broken and deformed. But the exfoliation of graphene sheets was found, as shown in * Corresponding author, E-mail: wanjiang@mail.sic.ac.cn Fig. 1 . Closer examinations show the 6-8 nm thick edges of these graphene sheets (arrows 1, 2 and 3). Most of these graphene sheets have an average cross-size of about 50 nm. Though, some reaches 150 nm or more. Due to the difficulty in observation, the thickness of the graphene sheets can only be derived from the edge section, as shown in Fig. 1 .
With increasing milling time up to 30 h, the size of graphite flakes was decreased and graphene sheets were further thinned. Figure 2 shows the TEM images of the powder mixture milled for 30 h. Thickness of the graphene sheets is remarkably down to 3-4 nm. It is reasonable to assume that there are many even thinner graphene sheets, even graphene monolayers. Meanwhile the crumpling in graphene sheets occurred (Fig. 2(c) ). In addition, the rollingup of graphene sheets also happened, leading to the nanotube-like morphology. It is evident that their formation results from the bending of the sp 2 graphene sheets under the heavily mechanical impact. During the ball milling, the milling balls could simultaneously provide both shear and normal stress to the milled powders, which gave rise to the occurrence of the graphene sheets.
11) Compared with previous similar experiments without alumina, in the current work, alumina particles in the mixture reduce the direct impacts of milling balls, but these alumina particles receive the kinetic energy and assumedly work as micro-milling balls, which help exfoliate the graphene sheets from stacks of graphite layers to form much thin graphene layers. Figure 3 shows the images of the powder mixture after ball milled for 50 h. It is clear that by extending milling time, graphite layers were broken and as a result the graphite flakes became smaller than those in Fig. 2 . Besides, crumpling and huge exfoliation of the graphene sheets were observed. Compared with the samples after 30 h of milling, the thickness of graphene sheets was not remarkably decreased. As a matter of fact, apparent conglutinations between the sheets took place (Fig. 3(b) ) due to the repeated impact by milling balls.
According to the result after different milling times, the milling process was concluded. The milling balls induced primary fracture and deformation. Graphite was also exfoliated and the size of the graphene sheets decreased until it reached a minimum level. Meanwhile, nano-sized alumina particles would exfoliate the thin graphene sheets to a further extent, making much thinner ones. References 10, 15) have reported that thin graphite layers were produced by ball milling for 100 h or even longer time. By contrast, in this experiment, 3-4 nm thick graphene sheets were produced just by milling 30 h. It is, therefore, apparent that the alumina particles enhance the milling efficiency. Bulk alumina/graphene composites were fabricated by the SPS technique from the milled powders. Fracture surfaces of the consolidated composites are shown in Fig. 4 . Different with pure alumina ceramics, addition of graphene sheets has significantly reduced the grain size of these composites. As milling time extended, grain sizes of bulk alumina/graphene composites accordingly decreased. This phenomenon indicates that the tiny graphene sheets restricted grain growth of alumina. It is concluded that the fine grain would induce high strength to the composite.
Conclusion
In conclusion, alumina/graphene composite powders have been prepared by ball milling alumina-graphite mixed powders for different times, and graphene sheets, with a minimum thickness of 3-4 nm, are produced due to graphite exfoliation during this process. Bulk graphene-reinforced alumina ceramics have been fabricated by SPS. Grain size of alumina was significantly reduced with addition of graphene sheets. To our knowledge, no graphene added ceramics have been reported. This novel material may bring new life to the present ceramics.
